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ABSTRACT: Two-dimensional (2D) materials derived from
van der Waals (vdW)-bonded layered crystals have been the
subject of considerable research focus, but their one-dimen-
sional (1D) analogues have received less attention. These bulk
crystals consist of covalently bonded multiatom atomic chains
with weak van der Waals bonds between adjacent chains. Using
density-functional-theory-based methods, we find the binding
energies of several 1D families of materials to be within typical
exfoliation ranges possible for 2D materials. In addition, we
compute the electronic properties of a variety of insulating,
semiconducting, and metallic individual wires and find differ-
ences that could enable the identification of and distinction
between 1D, 2D, and 3D forms during mechanical exfoliation onto a substrate. We find 1D wires from chemical families of the
forms PdBr2, SbSeI, and GePdS3 are likely to be distinguishable from bulk materials via photoluminescence. Like 2D vdW
materials, we find some of these 1D vdW materials have the potential to retain their bulk properties down to nearly atomic
film thicknesses, including the structural families of HfI3 and PNF2, a useful property for some applications including
electronic interconnects. We also study naturally occurring bulk crystalline heterostructures of 1D wires and identify two
families that are likely to be exfoliable and identifiable as individual 1D wire subcomponents.
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B ulk crystals consisting of weakly bonded one-dimen-
sional wires have been proposed to play a role
alongside 2D materials as an increasing number of

van der Waals (vdW)-based devices are developed for
electronic interconnect, transistor, and memory applica-
tions.1−5 Data mining of crystal structure databases suggests
there are hundreds of such crystals synthesized and
characterized over recent decades. This number is on par
with the approximately 1800 reported bulk crystals that are
likely to be exfoliable into 2D layers.6 The van der Waals wires
studied are quasi-one-dimensional, owing to their finite radii
that are typically a nanometer or lower. Such bulk structures
can grow in wire bundles7 with diameters that increase in
discrete increments, which are analogous to 2D van der Waals
materials characterized by layer number.
The presumed lack of dangling surface bonds due to weak

van der Waals interactions between adjacent wires can allow
wires to retain close-to-bulk characteristics at nanometer-scale
radial dimensions, a useful property for electronic applications.
Existing electronic interconnect materials such as copper (Cu)

exhibit an inverse relationship between resistance and wire size
at the nanometer scale due to increased surface roughness and
grain boundary scattering,8−11 placing a limit on the scaling
down of the size of Cu wires. This effect is also reported in
bismuth (Bi)12 and gold (Au)13 nanowires. While carbon
nanotubes and wider nanoribbon structures have been
proposed as alternatives, they exhibit electronic properties
that change significantly based on chirality, edge terminations,
and size including Wigner crystal, Kondo physics, and
Luttinger liquid behavior.14−17

One-dimensional materials beyond nanotubes and bulk-
material-based nanowires include organic and polymer chains,

Received: January 27, 2021
Accepted: May 19, 2021
Published: May 28, 2021

A
r
t
ic
l
e

www.acsnano.org

© 2021 American Chemical Society
9851

https://doi.org/10.1021/acsnano.1c00781
ACS Nano 2021, 15, 9851−9859

D
o
w

n
lo

ad
ed

 v
ia

 S
T

A
N

F
O

R
D

 U
N

IV
 o

n
 S

ep
te

m
b
er

 3
0
, 
2
0
2
1
 a

t 
2
0
:3

9
:3

0
 (

U
T

C
).

S
ee

 h
tt

p
s:

//
p
u
b
s.

ac
s.

o
rg

/s
h
ar

in
g
g
u
id

el
in

es
 f

o
r 

o
p
ti

o
n
s 

o
n
 h

o
w

 t
o
 l

eg
it

im
at

el
y
 s

h
ar

e 
p
u
b
li

sh
ed

 a
rt

ic
le

s.



the charge transfer salt TTF-TCNQ,18 K2Pt(CN)4Br0.3·
3.2H2O containing a 1D chain of Pt atoms19 studied in the
context of high-temperature superconductivity, and the linear
chain polymers (SN)x and (CH)x, where the latter is
polyacetylene and theoretically studied in the Su−Schrieffer−
Heeger model.20

The small diameter and 1D nature of van der Waals wires
allows additional control over electronic properties through the
application of external stimuli, such as strain or electrostatic
gating. Such wires may support potential applications in not
only electronics but also photonics and optoelectronics with
the downscaling of component sizes. 1D materials such as
TaSe3 have been demonstrated to exhibit high breakdown
current densities an order of magnitude larger than Cu.21

Limited work exists on the properties and exfoliation
potential of individual wire chains or layers of chains within
the framework of van der Waals materials. Ab initio calculations
have been performed on single linear chains of individual
atoms such as Fe, Ge, Au, and Te22−25 as well as different
geometries of common nanowire materials SiC, GaN, BN,
ZnO, ZnS, and CdS.26 The materials studied in this work are
more complex, extending beyond monatomic or common
semiconducting materials, and are known to be stable in the
bulk form composed of intrinsically 1D chains.
Analogous calculations exist for specific classes of 1D

materials such as SbSeI, SbSI, and SbSBr,27 and there exists a
report of successfully exfoliated 1D van der Waals materials
Ta2Pd3Se8.

28 Materials in the transition metal trichalcogenide
family MX3 have been exfoliated using shear forces using an

atomic force microscope (AFM) tip,29 in addition to a recent
ground-up synthesis of multiple wire structures using chemical
vapor deposition (CVD). Further experimental efforts include
single-atom chains of Te extracted by dragging a single-crystal
bulk sample across a substrate25 and isolation of Sb2Se3
nanoribbons obtained using liquid water intercalation and
separation by the expansion force from freezing.30 While
mechanical exfoliation is so far reported to be less effective for
1D materials compared to 2D materials,30 previous work
suggests other extraction methods are possible. The relation-
ship between the band structure change upon exfoliation,
binding energies, and different wire geometries investigated is
useful information that has received relatively little attention.
Among the key challenges associated with isolating and

studying such small diameter 1D structures is identifying them
on a substrate. While atomically thin 2D materials can be
identified with optical microscopy when on a suitable
substrate, identification of 1D wires using this approach is
likely not feasible. Here, we address this challenge by
computing electronic signatures of 1D wires that could
potentially be exploited for differentiation between 1D wires,
2D films, and bulk via photoluminescence.
We note the commonly employed terminology of nanowires,

nanotubes, and nanoribbons does not necessarily reflect size.
The wires in this study have smaller radial dimensions than
typical structures referred to as nanowires, ribbons, or tubes,
but this is not always true. The smallest carbon “nanotube”
grown to date is 3 Å in diameter grown inside a multiwalled
carbon nanotube,31 and the smallest free-standing carbon

Figure 1. (a) Selected wire structure from previous screening,6 for which electronic structure calculations are performed. Wires are shown at
the top in a 2 × 2 supercell geometry taken in the directions normal to the wire to allow for sufficient vacuum when the individual wire is
extracted. (b) Distribution of the common families of 1D wires. Blue indicates wire structures studied in this work. Green indicates studied
heterostructures or intercalated materials where the compound consists of wires of different compositions as detailed in Figure 4. Red
indicates common families not studied in detail here. (c) Additional intermediate-dimension wire structures that did not appear in the 1D
screening but have been previously studied experimentally. These materials exhibit dimensionality intermediate between 1D wires, 2D
layers, and bulk 3D materials. Analogous DFT calculations are performed for these structures as a benchmark.
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nanotube is close to 4 Å in diameter.32 Silicon nanowires have
been reported to be fabricated down to 1.3 nm in diameter.33

However, the stable phase of bulk materials thinned to such
dimensions is unclear and requires detailed investigation,34

whereas we expect 1D van der Waals materials will have a
favorable chance of exhibiting the same structure as the weakly
bonded wire structure present in the bulk.
These materials are also of theoretical interest. They

represent two challenging limits of ab initio calculations. van
der Waals forces between wires involve many-body physics
dispersion interactions35 while bonding within a single wire
chain can involve strong electronic correlations and electron−
phonon coupling. There is potential for the 1D limit to exhibit
Luttinger liquid or Wigner crystal behavior, Peierls distortions,
or charge and spin density waves. 2D materials have been
shown to support similar density wave and exotic low-
temperature behavior.36 Studies on the binding energy of
these materials are useful to identify systems in which such
effects could be realized in the laboratory.37

RESULTS AND DISCUSSION

We leverage data produced in previous work6 to identify
weakly bonded 2D and 1D layered materials. While two-
dimensional materials have been further studied with detailed

ab initio computations and databases,37−40 there remains
limited work on one-dimensional structures. The selected 1D
materials are represented in the Materials Project database41

with corresponding Inorganic Crystal Structure Database
(ICSD) numbers.42 The bulk, nonexfoliated multiwire
structures have been previously experimentally synthesized
and structurally characterized. Materials are grouped into
common families by structural similarity, and a table is
included in the Supporting Information (SI), and figures are
shown below. Select materials consist of a mixture of wire-like
structures with intercalated atoms or molecules.
We choose representative materials from the families and

simple wire prototypes to evaluate using density functional
theory calculations. Materials from the common structural
families SbSeI,43 TaTlSe3,

44 and HfI3
45 were selected in

addition to PdBr2,
46 PNF2,

47,48 and GePdS3,
49 which display

simple, spatially separated wire compositions. We also perform
calculations on materials that exhibit wire-like character but
insufficient spacing between wires to satisfy the screening
criteria of Cheon et al.6 for 1D materials. Wire structures
GeTe,50 ZrTe5,

51 Sb2Se3, Ta2Pd3Se8, and members of the
transition metal trichalcogenide family NbSe3 and ZrTe3 are
examined to provide a cohesive comparison and benchmark.
SbSeI, Ta2Pd3Se8, ZrTe3, NbSe, and Sb2Se3 have been realized
as low-dimensional wires and bundles, whereas ZrTe5 and

Figure 2. (a) Decomposition of sample geometry PdBr2 into a 2D plane of 1D wire and individual plane of 1D wires. (b) The van der Waals
D3 correction component contribution of the total interwire binding energy (PBE+D3) is compared for individual 1D wires and 2D planes
of 1D wires. Higher values indicate vdW bonding is more dominant. Proximity of the data to the line y = x suggests minimal anisotropy in
the interwire vdW binding component. (c) The binding energy required for extracting a 2D plane of wires from the bulk can be compared to
the binding energy required to extract a 1D wire from the bulk per formula unit (top). The energies to extract 2D layers composed of 1D
wires are comparable to the energies of known exfoliable 2D layered materials when compared by surface area. In the bottom figure, the
dashed 1:1 line suggests a mixture of 1D wires and 2D wire layers might be obtained during mechanical exfoliation for materials close to the
line.
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GeTe have only been studied in bulk forms. Images of these
materials are indicated in Figures 1 and 4. While members in
the same family have similar structures, we note as in the case
of the transition metal trichalcogenides, they have been
reported to exhibit vastly different electronic properties as
verified experimentally.52,53

Binding Energies. Density functional theory calculations
are performed for the bulk structure consisting of multiple
wires in the bulk unit cell, 2D plane(s) of 1D wires, and an
individual 1D structure shown in Figure 2a. The degree of van
der Waals interaction and the lack of strong covalent or
electrostatic interactions between adjacent wire structures can
be quantitatively estimated by the fraction of the interwire van
der Waals correction to the total energy shown in Figure 2b.
The vertical and horizontal axes are computed according to
(Ebulk,vdW/f.u.bulk − E2D,vdW/f.u.2D)/(Ebulk,total/f.u.bulk − E2D,total/
f.u.2D) and (Ebulk,vdW/f.u.bulk − E1D,vdW/f.u.1D)/(Ebulk,total/f.u.bulk
− E1D,total/f.u.1D) where EvdW refers to the van der Waals
contribution to total energy. We note that an isolated 2D
material can interact with itself through vdW type interactions
to some extent.
In this analysis, the Perdew−Burke−Ernzerhof (PBE)54

functional is assumed to contribute minimally to the van der
Waals interactions, as is commonly observed for this
functional. Figure 2b indicates that most materials studied
here exhibit interwire interactions that are largely if not entirely
vdW-based (in the upper right corner), while Te, Se, and SbSeI
exhibit a mix of van der Waals and covalent interwire binding.
We find that the choice of existing van der Waals corrections
between Grimme DFT-D2, Grimme DFT-D3, and Grimme
DFT-D3 with Becke−Johnson damping have no significant
effect in this trend.55,56 However, some numerical differences
are seen when using the vdW-DF2 of Langreth and
Lundqvist57 or the optB88-vdW correction58 as shown in the
SI Table 2 for selected materials. The binding energy
calculated with the local density approximation (LDA,59

which is sometimes used as a traditional alternative to PBE

vdW-corrected energies) is provided in SI Table 3b and shown
to follow similar trends between wire materials ranking from
lowest to highest exfoliation energy. We note the LDA
descriptions of vdW are oftentimes qualitatively accurate but
expected to be largely serendipitous as compared to the vdW
corrections on top of PBE calculations
Figure 2c shows plots of the binding energy, which are

expected to be a proxy for the exfoliation energy required to
extract a low-dimensional material from the bulk. It is defined
to be positive when the bulk structure is more stable. The 1D
energy per formula unit is defined as

E N N E( / ) /f.u.bulk bulk 1D 1D bulk[ − * ] (1)

where Ebulk is the total energy of the bulk structure, and E1D is
the total energy of the 1D structure. Nbulk and N1D are the
number of wires units in the bulk and isolated structures
respectively, and f.u.bulk is the number of formula units present
in the bulk structure.
The 2D energy per formula unit is defined analogously with

E2D and N2D. The 2D energy per area is defined with the
denominator as the area of the calculation cell in the plane of
the 2D layer, instead of f.u.bulk. The 2D cleavage plane, if
multiple options exist, is taken as the plane with maximal
spacing between the layers, which likely also corresponds to
the plane with the minimal exfoliation energy for the calculated
samples.
The top of Figure 2c indicates that the energy per unit area

to remove or exfoliate a 2D layer of 1D wires from the bulk is
lower than 130 meV/Å2, which has been used as an
approximate exfoliation threshold for 2D materials.37

The bottom panel of Figure 2c compares the energy per
formula unit to extract a 2D layer versus a 1D wire from the
bulk. This plot shows that the energy required to extract a 1D
wire from the bulk is greater than the energy of extracting a 2D
plane of 1D wires from the bulk for all materials studied here.
However, materials close to the y = x dashed line exhibit
extraction energies of the 1D and 2D forms that are

Table 1. Materials and Their Corresponding Band Gaps (in eV) Are Presented for the Bulk Structure, the 2D Layer of 1D
Wires, and the Individual 1D Wire Structure (top)a

material MP ID/ICSD
bulk
direct indirect

2D
direct indirect

1D
direct indirect

1D relaxed
direct indirect

HfI3 mp-568002/23947 0 0 0 0 0 0 0 0

PdBr2 mp-27857/27443 0.840 0.541 1.072 0.864 1.450 1.273 1.435 1.265

Γ-M Γ-(0,0,0.4)

SbSeI mp-22996/31292, 35470 1.388 1.378 1.288 1.279 1.346 - 1.766 1.743

(0.2,0,0)-Γ

GePdS3 mp-541785/408505 1.387 1.181 1.608 1.489 1.755 1.654 1.774 1.660

Γ-(0.2,0.3,0) Γ-(0.2,0.2,0.6) Γ-(0.2,0.2,0.5)

PNF2 mp-560008/9684 5.711 - 5.976 - 6.193 6.192 6.190 6.190

Γ-Γ Γ-Γ Γ-(0.02,0.5,0) Γ-(0.1,0.4,0)

material MP ID/ICSD bulk HS band gap HS component 1 band gap (formula) HS component 2 band gap (formula)

Te7As5I mp-541032/31877 0.25 0.044 (As2Te3) 0.49 (AsTeI)

Sb6O5F8 mp-753233 3.28 2.92 (SbOF) 5.25 (SbF3)

InGaTe2 mp-20408 0 0 (GaTe2) 0 (In)

TaTlSe3 mp-12027 0.22 0 (TaSe3) 0 (Tl)
aThe values for the relaxed 1D structure are included, where the ion positions are relaxed using DFT upon extraction from the bulk. The smallest
direct band gap and indirect band gaps are reported, and the location of the transition is presented for the smallest gap when it is close to a high-
symmetry k-point path in reciprocal space. With the exception of HfI3 and PNF2, the materials exhibit sufficiently large changes in band gap
between bulk and 1D relaxed wire phases that they are likely to be distinguished using photoluminescence measurements. Similar information is
shown for the heterostructures and intercalated structures (bottom). The data suggest electronic band gaps differ sufficiently between bulk and 1D
forms of Te7As5I and Sb6O5F8 to be differentiable based on PL measurements. InGaTe2 and HfI3 are both conductors from bulk to 1D forms,
suggesting quantum confinement does not open a gap even at nearly atomic widths.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c00781
ACS Nano 2021, 15, 9851−9859

9854



comparable. Therefore, one might expect that mechanical
attempts at exfoliation (e.g., rubbing bulk crystals on a surface)
could yield a mix of 1D wires and 2D layers for those materials
closes to the y = x line.
Perhaps the best candidate for exfoliation of individual 1D

chains identified in Figure 2c is PNF2, which has a low
exfoliation energy per unit area for 2D layers (top of Figure
2C) and an exfoliation energy per formula unit of 1D wires
that is only slightly more than the 2D sheets (bottom of Figure
2c). Mechanical exfoliation involves rubbing the bulk crystal
against a substrate, onto which subcomponents of the bulk will
be deposited. In such an experiment, exfoliated 1D wires are
expected to be mechanically stabilized by the substrate
independent of bending stiffness. Such mechanical stabilization
by a substrate is common in thin films.
Electronic Properties. Computed band gaps for bulk, 2D,

and 1D forms of of selected materials are presented in Table 1.
Similar to how 2D materials span a wide range of electronic
characteristics,6 1D wires do as well. We find a general trend of
increasing band gap as dimensionality is reduced for
nonmetallic materials, likely due to quantum confinement.
The electronic band structure of the materials is computed

both along the high-symmetry k-point path for bulk materials
and momentum-space equivalent of the real-space wire axis for
the 1D wires. The electronic band structure decomposed by
orbital type and density of states distribution is included in the
SI. We find the contribution of the orbitals to the band
structure largely stays consistent from the bulk to the single
wire, as shown in orbital-decomposed band structures shown
in SI Figure 1.
Band calculations for the bulk material indicate that the

band gap, if present, is often located close to the path in
reciprocal space corresponding to the real-space direction of
the wire, which may help explain the relatively small changes of
several tenths of an eV in band gap difference between the bulk
and an individual 1D wire for most of the materials in Table 1.

The electronic band gap differences between bulk, 2D, and
1D forms of these materials are sufficiently large to enable
distinction by photoluminescence (PL). For example, during
mechanical exfoliation onto a substrate, PL has potential to
enable identification of individual 1D wires and distinguish
them from other bulk and layered forms likely to be present on
the substrate. Identification of individual exfoliated 1D wires
using an optical microscope is possible with 2D layers, but a
discernible optical signature is difficult for 1D wires. Table 1
shows that PdBr2, SbSeI, and GePdS3 in particular exhibit the
largest changes in indirect and direct electronic band gaps
between 3D, 2D, and 1D forms, suggesting these might be the
easiest to differentiate with PL.
Table 1 further suggests there could be a slight indirect to

direct transition upon exfoliation of SbSeI wires from the bulk
if the 1D wire structure is unrelaxed, as it may be if constrained
by friction on a substrate. However, we find relaxation of the
1D wire structure recovers an indirect gap, suggesting that such
a transition may not be observable. The accuracy of these
calculations may be insufficient to resolve these differences,
neglecting substrate screening, electron−hole, and electron−
phonon interaction effects. The SI elaborates on the possibility
of this transition.
Figure 3 shows the density of electronic Kohn−Sham states

comparison between the bulk, 2D, and 1D components. Some
of these materials exhibit a 1D electronic DOS nearly identical
to the bulk, in particular HfI3 and PNF2, suggesting minimal
electronic interaction between wires in these materials and
minimal changes in electronic structure as the materials
dimensions are shrunk to nearly atomic scale. The latter is a
useful property for some materials applications, like electronic
interconnect materials where one would like conductors that
maintain their conductivity as film thickness decreases. HfI3 in
particular is predicted to be a metal in both bulk and 1D forms
at this level of theory.

Figure 3. Computed electronic density of states (DOS) comparisons for the wire materials from screening. (a) HfI3 is calculated to be
conducting for the bulk, a 2D plane of wires, and 1D geometries. PdBr2 displays an increasing band gap with reduced dimensionality, as
might be naively expected from quantum confinement. SbSeI shows slight band gap differences between dimensionality, with the band gap
largest for bulk, then 1D, then 2D. Se shows the largest change in DOS distribution, while PNF2 and GePdS3 largely retain their DOS
characteristics from bulk to 1D.
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Heterostructures and Intercalated Ion Wire Struc-
tures. In addition to normal wire structures containing
chemically and structurally identical chains, there also exist
1D heterostructures in which the bulk structure is composed of
wires of differing compositions. These heterostructures are of
interest as their bulk forms exhibit intrinsic stacking of two or
more subcomponents occurring naturally through synthesis.
Bulk heterostructures have been reported as layered materials,
where it was found two separate layer-type bands can sum to
determine approximate joint bulk structure bands due to
relatively weak interlayer interactions.60

Data mining further reveals intercalated 1D structures,
which are distinguished from the two-component hetero-
structures by one of the components consisting of a single
atom (ion) type.
We perform density functional calculations for two sample

wire heterostructures Te7As5I and Sb6O5F8, where the two
clustered compositions (Te2As3, TeAsI for Te7As5I and SbOF,
SbF3 for Sb6O5F8) are evaluated separately. We also consider
InGaTe2, which appears as 1D wire structures of Ge and Ta
with In atoms intercalated. These structures are depicted in
Figure 4. Band gaps are summarized in the bottom of Table 1,
indicating that the individual subcomponents can exhibit
sufficiently different band gaps from the bulk to be distinguish-
able if a PL signal can be observed.
Many applications for ion intercalation exist, including Li ion

battery electrodes, electronic memories, and potentially
components of neuromorphic computing systems.61 These
applications have been dominated by layered vdW materials,
with considerably less attention paid to inorganic 1D vdW
materials of the types studied here. 1D materials may prove to
be good candidates for ion intercalation without major
structural changes due to their vdW bonded nature.
Relaxation and Stability. The stability of exfoliated wire

structures can be described by both thermodynamic stability

and mechanical stability. The reported experimental synthesis
and characterization of all of the materials studied suggests that
they are sufficiently thermodynamically stable for such analysis.
To determine the mechanical stability of the materials, we
perform individual wire relaxations, phonon calculations, and
density functional theory molecular dynamics (DFT-MD)
simulations to test for the presence of unstable phonon modes.
Individual wire relaxations both with and without the van der
Waals correction show slight deviations in bond distances
depending on the particular wire type, but we find that the wire
structure remained intact for all materials.
Phonon calculations were performed using finite differences

with van der Waals corrections and density functional
perturbation theory without van der Waals corrections.
While certain materials show slight imaginary frequencies,
those imaginary frequencies were often present in the bulk
compound, known to have been previously synthesized, and
often occur at the high-symmetry Γ point.
More tellingly, DFT-MD simulations were performed for the

wire structures HfI3 and PdBr2 with three unit cells in the wire
direction. These calculations show the wire structures remain
bonded, though atoms can exhibit slight distortions and
symmetry breaking. The output of the DFT-MD was relaxed
again using DFT, and the structure from the DFT-MD
simulation remained unchanged from the slightly distorted
DFT-MD output structure.

CONCLUSIONS

We find a large number of bulk materials that consist of 1D van
der Waals subcomponents have the potential for exfoliation
into 1D wires of sub-nm diameters, since their interwire
binding energies are comparable to those of 2D van der Waals
structures. While there can be changes in the electronic
character of the material upon exfoliation, these differences are
usually slight compared to breaking apart subcomponents of

Figure 4. (a) Compound TaTlSe3 can be treated either as an intercalated compound or a wire structure depending on bonding distance
thresholds. Electronic density of states plots are shown for both decomposition types. (b) Heterostructure materials Sb6O5F8, Te7Al5I, and
intercalated compound InGaTe2 show different band gaps between the two subcomponent types. The density of states is plotted relative to
the Fermi energy level of each individual cluster and bulk structure calculation and is normalized by the number of bands in each calculation.
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bulk compounds. We find that, in many cases, the 1D forms
are distinguishable from 2D and bulk forms by photo-
luminescence techniques, addressing perhaps the biggest
challenge of identifying working with such materials upon
mechanical exfoliation onto a substrate. These materials have
the potential to serve as 1D interconnect replacements and ion
intercalation materials for energy storage applications.

METHODS

Geometry optimization and electronic properties calculations are
computed using density functional theory (DFT) methods within the
generalized gradient approximation (GGA) and PBE exchange
correlation functional54 as performed in the Vienna Ab initio
Simulation Package (VASP).62 The projected augmented wave
method63,64 is used for ion−electron interactions, and the energy
cutoff for the plane wave basis is set to 520 eV. All the structures are
allowed to relax during this process with a conjugate gradient
algorithm until the energy on the atoms is less than 1.0 × 10−4 eV.
The DFT-D3 approach proposed by Grimme55 is used mainly for
vdW interactions in the main text. The materials were relaxed for the
bulk structure, and the corresponding 1D atomic positions were
extracted from this relaxation. A separate relaxation of the 1D wire
was also undertaken, and the electronic structure of the resulting wire
computed to obtain the second set of band gaps is in Table 1. The
calculated band structures are spin-polarized. The LDA functional
calculations59 also use the implementation within VASP.
DFT-MD simulations were carried out for 1 ps with a 2 fs time step

and a microcanonical ensemble at 300 K using a 2 × 2 supercell in the
direction perpendicular to the wire and three copies of the primitive
unit cell in the wire direction.
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